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ABSTRACT 
 
Objectives: The aim of this project is to develop a novel 3D cephalometric analysis using 
anatomical landmarks that cannot be easily viewed on a planar film but on a CBCT image and 
study the reliability of these measurements between different examiners.  
Methods: Fifty CBCT images of patients with normodivergent, Class I skeletal patterns and 
without any noticeable craniofacial deformities were screened and included in the study based on 
the lateral cephalograms generated from CBCT data using the Roth/Jarabak Analysis. Fifteen 
predetermined landmarks that found to be reliable in another associated study were used to define 
six planes.  Measurements were also completed on a human dry skull to confirm accuracy. Eleven 
different cephalometric measurements were performed by three operators three times using 
landmarks and planes in 3D. Descriptive statistics (mean and standard deviation) and  intra-class 
correlation coefficient for intra- and inter-examiner reliability was performed. 
Results: The measurements showed that the means and standard deviations of all three measurers 
are: for Mandibular A/P: 14.49mm ±2.26; Mandibular deviation: 1.63mm, ±1.19; 
Maxilla/Mandibular divergence: 24.51°, ±3.85; Maxillary deviation: 0.94mm ±0.5; Pitch 
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(Mandibular Plane), 50.38° ±2.8; Pitch (Maxillary Plane): 74.66° ±3.53; Roll (Mandibular Plane): 
87.66° ±2.38, 0.05; Roll (Maxillary Plane): 87.70° ±1.85; Yaw (Maxillary Plane): 4.41°± 2.11; 
Yaw (Mandibular): 3.61°± 2.43; Maxillary A/P: 2.96mm ±2.26. An interclass correlation was 
calculated at a range from 0.53 to 0.95.  
Conclusions: The means and standard deviations of the measurements can be used as a reference 
to study. Amongst the operators, we indicate between moderate and excellent reliability. The 
highest reliability was with measurement mandibular pitch.  Lowest reliability was with 
measurement mandibular roll. 
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INTRODUCTION 
Cephalometrics have been a key element to aid in the diagnosis and treatment planning of 
orthodontic and surgical cases (1).  Since Broadbent introduced the cephalometric radiograph in 
1931, orthodontists had the ability to treatment plan and diagnose patients with reference to 
underlying hard tissues (2).   
From artists to sculptors, facial form has been studied and analyzed using landmarks and 
planes since the 13th century (2).  Leonardo DaVinci can be credited with defining facial form 
characteristics, which allowed him to evaluate certain facial features (2).  He proposed using 
certain landmarks and planes such as a line very similar to sella-nasion and a maxillary plane 
through anterior nasal spine along the roof of the hard palate to break up the face into proportions 
and small units (3).   
The Frankfort Horizonal Plane was introduced at an anthropological conference in 1884 as 
a plane extending from the left Orbitale to both Porion points (4).  It has been presented in several 
studies as an adequate cranial base reference and was incorporated in anthropological studies, 
maxillofacial surgery planning and descriptive communications between clinicians (5).  
Broadbent’s allowed the ability to use the cephalometric radiograph to evaluate the whole 
craniofacial complex, dentoalveolar structures, malocclusion and their relationships to each other 
and to growth for orthodontic treatment planning and evaluation (6).  
The advantage of using a cephalometric radiograph in diagnosis and treatment planning is 
that complex anatomic relationships and structures within the human skull are more clearly able 
to be evaluated (7).  Cephalometric analyses can be used in many different ways, including but not 
limited to: categorizing a patient according to jaw position/type, determine how much a patient 
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diverges from accepted norms and determine what the divergence from normal might be, predict 
growth tendencies, and indicate the extent of changes throughout treatment (7).  
Orthodontists and other clinicians have been using cephalometrics as the gold standard to 
study the facial form during treatment planning and diagnosis (8).   In 1948, Downs published an 
article on the first orthodontic analysis on a 2D cephalometric radiograph, which was designed to 
study skeletal patterns, dental patterns, and their relationships (9).  This was a breakthrough in 
cephalometrics because it made evident the clinical usefulness of analyzing a cephalometric 
radiograph in diagnosing and treatment planning (2).  He used Frankfort Horizontal as a reference 
plane for his measurements (9).   
While using the technology of a 2D cephalometric radiograph has been proven to be 
reliable, studying a 2D representation of a 3D structure is not ideal (2); a 2D cephalometric 
radiograph has some limitations in that we see geometric distortion and superimposition of 
structures are evident (10).  According to Hans et al., there are methods to overcome these 
shortcomings of 2D cephalograms, however these are considered to be tedious and impractical for 
routine clinical use. (2).  A source of error in a 2D cephalometric radiograph is distortion of the 
image, commonly known as projection errors, typically through magnification (11).  Another 
source of error is in landmark identification (12), and in the various types of analyses available, 
the precision in landmark identification varies a great amount (12).  Baumrind and Frantz studied 
the quantitation of errors in landmark identification and toward assessing the effect of these errors 
upon subsequent angular and linear measurements (12).    They determined that there are some 
landmarks that are commonly identified with large variability due to the location on broad and flat 
surfaces (12).  Furthermore, the 2D cephalometric radiograph is an average representation of 
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anatomic structures (2).  This makes it difficult to visualize skeletal asymmetries which may be 
present (13).  Also, failure to reproduce natural head position or proper head position within the 
ear rods can severely impact distortion of the image (13).  One of the largest drawbacks of the 2D 
cephalometric radiograph is the inability to evaluate the soft tissue (14).  The outline of the soft 
tissue can be seen on a 2D cephalometric radiograph, and it can also be superimposed onto a lateral 
photograph using some computation, but this is not reliable due to potential errors in head position, 
magnification, and computational error (14).   According to the American Board of Orthodontics 
standards, facial photographs should be taken at 1/4th life size as a way to standardize 
measurements and superimpose the photograph onto a cephalogram with a standard 10% 
magnification, but there could be error associated with this approach as well. (15) 
 The cone-beam computer tomogram (CBCT) allows for viewing of anatomical structures 
in three dimensions (16). Images from a CBCT are superior to the 2D cephalometric radiograph 
in that they allow for more in-depth visualization of hard and soft tissue structures and their 
relationships.  (14).  Periago has compared the accuracy of linear measurements preformed on 
CBCT derived 3D surface rendered images (3D images) with direct measurements made on human 
skulls.  They found that most measurements were sufficient for clinical craniofacial analysis (17).  
The CBCT would especially be useful in the diagnosis of treatment planning with skeletal 
anomalies such as those found in syndromes and asymmetries caused by cleft lip and palate (40), 
TMJ disorders (41), patients requiring surgical correction and airway (39) (14).   The radiation 
dose from a CBCT is considered to be low dose compared to a medical CT scan, but the argument 
against their conventional use is that the radiation dose is still more than a traditional cephalometric 
radiograph or panoramic radiograph (14).  The typical radiation dose from a CBCT is anywhere 
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from 11-1073μSv while the panoramic is 2.7-24.3μSv, and a cephalometric radiograph is <6μSv 
(14).  There are current advances to render the images more clearly from background scatter and 
increase the imaging processing algorithms (19).  Research has been performed with the attempt 
to improve the contrast of soft tissue near metal objects (21).  The authors propose an algorithm 
that digitally removes the metal from the CBCT and reconstructs it with a sharp representation of 
the soft tissue (21).  3D cephalometry, therefore, has some advantages: natural soft tissue 
representation, reduced artifacts, increased access for routine dental treatment in private practice 
offices (20). It is the expectation of most that the CBCT will someday become the standard of care 
within the orthodontic field and many other specialties (22).   
 Strategic landmark identification is imperative when aiming to use a CBCT for 
cephalometric radiograph analysis (23).   Depth perception is difficult on the CBCT, which makes 
easily identifiable landmarks on a 2D radiograph hard to locate on the 3D radiograph (23).  Some 
landmarks found on a 2D cephalometric radiograph can be harder to locate on a CBCT, due to the 
3D projection (23).  Sella turcica point has been used since the advent of the cephalometric 
radiograph by Broadbent (24).  However, there is no defined method for identifying this point 
within a 3D CBCT because it is a floating landmark in space (24).  Creating uniformity is expected 
to allow for easier landmark identification (25).  This is accomplished by identifying all landmarks 
in three planes of space: frontal, sagittal, and coronal (14).  Some authors have suggested multiple 
points within a landmark such as “most superior” or “most posterior” (23). Pham et al. suggested 
in his master thesis that the landmarks that are most reliable and reproducible to identify are those 
that are projections from the skull, rather than a surface or foramen.  Still, there is not database 
currently available on 3D cephalometry with population norms for clinical use (26). 
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There are some clear limitations experienced using a 2D cephalometric radiograph 
including significant influences on the measurements taken, which could ultimately effect 
treatment planning of an individual (27).   Van Vlijmen found clinically relevant differences 
between angular measurements taken on a 2D cephalometric radiograph compared to a 3D 
cephalometric radiograph (27).  There are some norms available based on Chinese, Brazillian, 
Turkish, and Korean populations but the sample sizes were very small (16). 
 Some of the references on a 2D cephalometric radiograph have not been thoroughly 
investigated in their 3D cephalometric counterparts (28).  Frankfort horizontal plane may not be 
as easily identifiable on a 3D scan because authors have suggested that orbitale and porion are 
more difficult to locate in 3D and thus will exhibit higher levels of error (7, 28). However, there is 
still a need for accurate and effective craniofacial imaging modalities in patient care, education, 
and research (20).  Furthermore, “Practical considerations of identification errors, coupled with an 
essential need for biologic relevance and a balanced representation of components of the 
craniofacial form, limit the number and nature of landmarks available for analysis” (13).  De 
Oliveira suggests that the selection of the best slice for landmark location in each X, Y, and Z 
coordinate requires time, calibration training, and careful assessment (13). 
The CBCT and its software has allowed the visualization, studying, and treatment planning 
in all three dimensions of the craniofacial structure (29).  A limitation of using CBCT images for 
3D cephalometric measurement is the field of view (FOV) (23).  In using the traditional ICat 
Scanner, the maximum FOV is 15cm,wide by 22cm in height (23).  If head position is not 
appropriate, one of the two porions or a chin landmark may be missed or cut off (23).  There is a 
need to develop and test new 3D-cephalometric analyses, mostly because there are newly defined 
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3D landmarks (30).  Farranato developed a 3D cephalometric radiograph analysis using 10 points, 
but was not able to report norms due to a small sample size and large age range (31).  Cheung 
reported Chinese norms based on a 3D cephalometric radiograph analysis but on an extremely 
small and distinct region (26).    Cheung states that his study reveals some key unique features 
shared among the Chinese, and can be used reference for evaluation of Chinese facial form in 
China, Hong Kong, Taiwan, and Southeast Asian nations with a large proportion of ethnic Chinese, 
such as Singapore and Thailand (26). 
The most common way of assessing how a patient’s jaws relate to each other is by looking 
at the ANB measurement on a 2D cephalometric radiograph (32).  But this result can be inaccurate 
due to landmark identification (32).  Yet, we use the technology of a 2D cephalometric radiograph 
knowing the information yielded will be distorted (16). This study attempts to answer that question 
using predictable landmarks confirmed by Pham et al., with the goal to provide an angular and 
linear analysis that will be the foundation for other research, and to build upon towards universally 
accepted 3D analyses and norms. 
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MATERIALS AND METHODS 
 The Boston University Department of Orthodontics and Dentofacial Orthopedics de-
identified CBCT repository (repository number H-32515) was screened for 50 subjects.  These 50 
subjects were collected from a pre-classified database of 307 CBCTs within the repository that 
fitted our inclusion criteria.  Inclusion criteria consisted of patients who were of Caucasian descent, 
between 18 and 65 years of age, pre-determined within the database to be normodivergent in their 
vertical description (SN-GoGn of 36.50±2.15 on a 2D cephalometric image generation), ANB 
measurement of 2±2 (on a 2D cephalometric image generation), and without any significant 
craniofacial abnormalities or pathology confirmed by close examination of the CBCT scans.  
Twelve anatomical landmarks were defined to determine the six planes involved in the proposed 
3D cephalometric analysis. (Table 1, 2, and 3).  The six planes all were determined by connecting 
three points selected from the program. The divergence between the maxilla/mandible, 
mandibular/maxillary lateral deviation, maxillary/mandibular A/P relationship, and the rotation 
(roll, pitch and yaw) of maxilla and mandible in 3-dimensions will be evaluated by angular and 
linear measurements specified in Table 3.  All the landmark and plane positioning, linear and 
angular measurements were performed using Mimics v18.0 (Materialise, Leuvem Belgium) 
software.  All researchers were calibrated for each landmark by examining a de-identified subject 
together and marking all of the points at the same time.  To test the accuracy and reliability of the 
examiners, intraclass correlation coefficient was used.  
 The number of sample CBCT’s selected (50) was determined based on other studies 
completed.  Import method was using Non-Strict DICOM 3.0. Once the image was presented, in 
order to generate the 3D view, the menu option THRESHOLDING was used with BONE selected.  
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The CALCULATE 3D option was used within the masks dropdown menu.  To start labeling out 
points, the menu option SIMULATE was selected to find MEASURE AND ANALYZE.  Within 
this menu option is where the points and planes could be defined in the program.  Lesser palatine 
foramen could not be plotted on the skull image on the computer screen, so cuts had to be made 
within the program to reveal the landmarks, such as the lesser palatine foramen.  Under the 
MASKS section, the option DUPLICATE MASK was selected, and then cropped to only the 
maxilla using the CROP MASK option.  The lesser palatine foramens could then be viewed and 
selected.  Two midpoints had to be generated: lingula and genial tubercles.  Within the right and 
left lingula landmarks were marked as points from the DRAW option, and copied to the clipboard. 
Materialise 3-Matic Research version 11.0 software program was used to generate the midpoint 
based off of the coordinates of the points..  Each point was then plotted appropriately on the 3D 
image presented on the screen.  Examples of each plane defined can be seen in Figures 1-6. Once 
the points were plotted, the data for each plane was collected and exported to an excel document.  
Examples of how each measurement was generated can be seen in Figures 7-17. This process was 
completed three times by three examiners, each time point one month apart.  Each of these 
measurements was put into a worksheet (Microsoft Excel, Microsoft Corp, Redmond, WA) to 
calculate means and standard deviations.  Examples of how the planes were used for each 
measurement can be seen below.  Interclass and intraclass correlation was calculated amongst the 
three examiners.  The program used for our data analysis was SAS v 9.4 (SAS institute Inc., Cary, 
NC, USA).  Interclass reliability amongst all the examiners was calculated based on all the 
measurements collected and was used to determine if the points were plotted correctly and reliably.  
At the end of the study, for quality assurance, they were marked with wax on a dry skull and them 
 9 
 
imaged on an ICat cone beam machine (pixel height and width 536 x 536 and 0.3 mm slice 
thickness).  This skull was then plotted with all of our points over where the wax indicates the 
point by each examiner.   This confirmed that each examiner sees which points were to be 
identified, how it looks on the screen, and that the points are clearly identifiable. 
 
Table 1: Landmarks Used and their Definition 
Landmark Definition 
Lesser Palatine Foramen (R/L) The closest part of the center of this foramen 
to where it opens into the posterior palate. 
Incisive Foramen The most anterior and inferior position in the 
anterior palate 
 
Genial Tubercle (R/L) The most protruded part (in the lingual 
direction) of each tubercle 
 
Lingula (R/L) The most posterior superior position on the 
lingula, usually the most protruded part 
 
Crista Galli The most superior part of the crista galli, 
usually the most protruded part in the superior 
direction 
Nasion The most superior position of the intersection 
of the frontal bone with the two nasal bones. 
 
Basion Most anterior part of the foramen magnum 
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Condylion Most superior point of the head of the condyle  
 
Anterior Clinoid Process (R/L) The most posterior aspect of this portion of 
sphenoid bone 
 
Pogonion (R/L) The most anteriorly projecting median point 
of the mandible (chin)  
 
Anterior Nasal Spine The most anterior surface of projection from 
maxillary bone 
 
Posterior Nasal Spine The most posterior/medial surface of the 
projection of maxillary bone 
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Table 2: Planes Used and the Points Used in their Construction 
Plane Points 
Maxillary Plane L/R lesser palatine foramens and incisive 
canal 
Mandibular Plane L/R lingula and midpoint genial tubercle 
Vertical Plane Through L/R anterior clinoid processes 
perpendicular to horizontal (L/R orbitale and 
right porion) 
Midsagittal Plane Basion, crista galli, nasion 
Mid-Mandibular Plane Midpoint lingula, midpoint pogion, midpoint 
genial tubercle 
Mid-Maxillary Plane Posterior nasal spine, anterior nasal spine, 
incisive canal 
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Table 3: Measurements Completed and What Planes were Used in Each 
Plane 1 Plane 2 Measurement 
Maxillary Plane (incisive 
foramen, lesser palatine 
canals (L/R) 
Vertical Plane (left and right 
anterior clinoid process 
perpendicular to horizontal 
plane (porion to left and right 
orbitale)) 
Pitch (deg) 
Midmaxillary Plane Midsagittal Plane (nasion, 
crista gali, basion) 
Yaw (deg) 
Maxillary Plane Midsagittal plane Roll (deg) 
Mandibular Plane (left and 
right lingula, midpoint genial 
tubercles) 
Vertical Plane Pitch (deg) 
Midmandibular Plane Midsagittal Plane Yaw (deg) 
Mandibular Plane Midsagittal Plane Roll (deg) 
Maxillary Plane Mandibular Plane  Maxillary/mandibular 
Divergence (deg) 
Midpoint genial tubercle Midsagittal Plane 
perpendicular 
Mandibular Deviation (mm) 
Midpoint genial tubercle Vertical Plane Mandibular A/P (mm) 
Incisive Canal Midsagittal Plane 
Perpendicular 
Maxillary Deviation (mm) 
Incisive Canal Vertical Plane Maxillary A/P 
 
 
 
 
 13 
 
Figure 1: Midsagittal Plane 
 
Figure 2: Mid-mandibular plane 
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Figure 3: Mid-maxillary plane 
 
Figure 4: Maxillary plane 
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Figure 5: Mandibular Plane 
 
Figure 6: Vertical Plane 
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Figure 7: Mandibular A/P Measurement 
 
The mandibular A/P measurement was taken as a millimetric measurement from the midpoint 
genial tubercle perpendicularly to the vertical plane. 
Figure 8: Maxillary A/P Measurement 
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The maxillary A/P measurement was taken as a millimetric measurement from the incisive canal 
perpendicularly to the vertical plane. 
 
Figure 9: Mandibular Deviation Measurement 
 
 
The mandibular deviation measurement was taken as millimetric measurement made between the 
midsagittal plane and midpoint genial tubercle. 
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Figure 10: Maxillary Deviation 
 
 
The maxillary deviation measurement was taken as millimetric measurement made between the 
midsagittal plane and incisive canal. 
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Figure 11: Examples of all Measurements Taken 
 
 
(A) Mandibular Pitch mandibular pitch measurement was taken as a degree made between 
the mandibular plane and the vertical plane, (B) Maxillary Roll measurement was taken as a degree 
between the maxillary plane and the midsagittal plane, (C) Mandibular Roll measurement was 
taken as a degree between the mandibular plane and the midsagittal plane, (D) Maxillary Pitch 
measurement was taken as a degree made between the maxillary plane and the vertical plane, (E) 
Maxillar/Mandibular Deviation measurement was taken as a degree made between both the 
maxillary and mandibular planes, (F) Maxillary Yaw measurement was taken as a degree between 
the mid-maxillary plane and the midsagittal plane, (G) Mandibular Yaw measurement was taken 
as a degree between the mid-mandibular plane and the midsagittal plane. 
Vertical	Plane	
Mandibular	Plane	
Maxillary	Plane	
Midsagittal	Plane	
Mandibular	Plane	
Midsagittal	Plane	
Vertical	Plane	
Maxillary	Plane	
Maxillary	Plane	
Mandibular	Plane	
Mid-maxillary	Plane	
Midsagittal	Plane	
Midsagittal	Plane	
Mid-mandibular	Plane	
A	 B	 C	
D	 E	 F	
G	
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RESULTS 
The points plotted on each skull were tested on a dry human skull by the same group.  The 
reliability of these points was tested, and ranged from 0.8 to 0.9 in all x, y, z directions.  This 
indicates excellent reliability amongst examiners in selecting the point indicated on the dry skull 
confirming quality control of our study.  The highest level of consistency, when all operators 
compared with each other, was reported with mandibular pitch and lowest was mandibular roll.  
Our data for each of our planes are below (Table 4).  Mandibular A/P: 14.49mm ±2.26; 
Mandibular deviation: 1.63mm, ±1.19; Maxilla/Mandibular divergence: 24.51°, ±3.85; Maxillary 
deviation: 0.94mm ±0.5; Pitch (Mandibular Plane), 50.38° ±2.8; Pitch (Maxillary Plane): 74.66° 
±3.53; Roll (Mandibular Plane): 87.66° ±2.38, 0.05; Roll (Maxillary Plane): 87.70° ±1.85; Yaw 
(Maxillary Plane): 4.41°± 2.11; Yaw (Mandibular): 3.61°± 2.43; Maxillary A/P: 2.96mm ±2.26.  
These are averages of all measurements taken with standard deviations.  This analysis shows 
averages and standard deviations for pitch/yaw/roll for the mandible and the maxilla, as well as 
deviation between the mandible and the maxilla, deviation from a midsagittal plane, and A/P 
deviation.  Our interclass reliability data amongst all operators to examine reliability are presented 
in Table 5.  These indicate between low (mandibular roll) to excellent reliability amongst 
operators.  The highest reliability showed for the mandibular pitch measurement, and the lowest 
reliability showed for the mandibular roll measurement.  Our intraclass correlation data for each 
examiner are below in Tables 6, 7, and 8 to examine reliability and accuracy. These indicate low 
(mandibular roll) to excellent in reliability amongst one examiner in three trials of measurements.  
Each of the examiners varied slightly in each of the measurement, but they were consistent in 
showing mandibular roll as the least reliable plane measurement. 
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Table 4: Total Average Calculated Norms for all Measurements 
Measurement Value 
Mandibular A/P 14.49mm ±2.26 
Maxillary A/P 2.96mm ±2.26 
Mandibular Deviation 1.63mm, ±1.19 
Maxillary Deviation 0.94mm ±0.5 
Maxilla/Mandibular Deviation 24.51°, ±3.85 
Pitch (maxillary plane) 74.66° ±3.53 
Pitch (mandibular plane) 50.38° ±2.8 
Yaw (maxillary plane) 4.41°± 2.11 
Yaw (mandibular plane) 3.61°± 2.43 
Roll (maxillary plane) 87.70° ±1.85 
Roll (mandibular plane 87.66° ±2.38 
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Table 5: Interclass Correlation Amongst All Examiners  
 Examiner 
1 
Examiner 
2 
Examiner 
3 
Mean Standard 
Deviation 
R-Value 
Mandibular A/P 13.26mm 15.86mm 14.35mm 14.49mm 2.26 0.91 
Maxillary A/P 3.20mm 3.33mm 2.35mm 2.96mm 2.26 0.84 
Mandibular 
Deviation 
2.46mm 1.42mm 1.01mm 1.63mm 1.19 0.27 
Maxillary Deviation 0.82mm 1.86mm 0.14mm 0.94mm 0.5 0.26 
Maxilla/Mandibular 
Deviation 
24.91° 24.44° 24.18° 24.51° 3.85 0.84 
Pitch (maxillary 
plane) 
74.02° 75.38° 74.58° 74.66° 3.53 0.87 
Pitch (mandibular 
plane) 
49.94° 50.44° 50.79° 50.38° 2.8 0.97 
Yaw (maxillary 
plane) 
4.10° 5.19° 4.53° 4.41° 2.11 0.63 
Yaw (mandibular 
plane) 
3.64° 3.86° 3.33° 3.61° 2.43 0.66 
Roll (maxillary 
plane) 
86.19° 87.19° 85.23° 87.70° 1.85 0.48 
Roll (mandibular 
plane) 
88.52° 87.37 87.09 87.66° 2.38 0.08 
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Table 6: Intraclass Correlation for Examiner 1  
 Trial 1 Trial 2 Trial 3 Mean Standard 
Deviation 
R-
Value 
Mandibular A/P 12.02mm 13.75mm 14.01mm 13.26mm 1.08 0.66 
Maxillary A/P 2.68mm 3.25mm 3.67mm 3.20mm 0.49 0.9 
Mandibular 
Deviation 
1.50mm 2.17mm 3.71mm 2.46mm 1.13 0.4 
Maxillary Deviation 0.84mm 0.64mm 0.98mm 0.82mm 0.17 0.28 
Maxilla/Mandibular 
Deviation 
23.20° 25.84° 25.69° 24.91° 1.48 0.9 
Pitch (maxillary 
plane) 
73.12° 74.97° 73.89° 74.02° 1.92 0.89 
Pitch (mandibular 
plane) 
50.31° 49.88° 49.63° 49.94° 0.37 0.96 
Yaw (maxillary 
plane) 
4.83° 5.21° 2.26° 4.10° 2.60 0.31 
Yaw (mandibular 
plane) 
3.68° 4.74° 2.5° 3.64° 1.12 0.73 
Roll (maxillary 
plane) 
87.11° 86.52° 84.94° 86.19° 1.25 0.28 
Roll (mandibular 
plane) 
87.65° 
 
88.08° 89.83° 88.52° 2.15 0.10 
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Table 7: Intraclass Correlation for Examiner 2 
 Trial 1 Trial 2 Trial 3 Mean Standard 
Deviation 
R-Value 
Mandibular A/P 14.04mm 15.16mm 18.40mm 15.86mm 2.27 0.54 
Maxillary A/P 2.51mm 3.83mm 3.65mm 3.33mm 0.71 0.82 
Mandibular 
Deviation 
2.37mm 1.11mm 0.78mm 1.42mm 1.89 0.49 
Maxillary Deviation 1.02mm 1.20mm 3.36mm 1.86mm 1.30 0.37 
Maxilla/Mandibular 
Deviation 
28.13° 23.26° 21.93° 24.44° 3.26 0.93 
Pitch (maxillary 
plane) 
78.76° 74.46° 72.92° 75.38° 3.02 0.88 
Pitch (mandibular 
plane) 
49.66° 50.36 51.12 50.38° 1.73 0.90 
Yaw (maxillary 
plane) 
5.01° 4.44° 6.12° 5.19° 1.85 0.40 
Yaw (mandibular 
plane) 
4.27° 4.79° 2.52° 3.86° 1.18 0.78 
Roll (maxillary 
plane) 
87.59° 86.09° 87.89° 87.19° 0.97 0.35 
Roll (mandibular 
plane) 
87.69° 84.64° 89.78° 87.37° 2.58 0.15 
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Table 8: Intraclass Correlation for Examiner 3 
 Trial 1 Trial 2 Trial 3 Mean Standard 
Deviation 
R-Value 
Mandibular A/P 13.18mm 14.75mm 15.12mm 14.35mm 1.66 0.60 
Maxillary A/P 1.88mm 2.48mm 2.69mm 2.35mm 2.26 0.97 
Mandibular 
Deviation 
1.47mm 1.13mm 0.43mm 1.01mm 1.19 0.31 
Maxillary Deviation 0.16mm 0.09mm 0.17mm 0.14mm 0.5 0.23 
Maxilla/Mandibular 
Deviation 
26.68° 25.40° 20.46° 24.18° 3.85 0.89 
Pitch (maxillary 
plane) 
75.86° 74.59° 73.29° 74.58° 3.53 0.93 
Pitch (mandibular 
plane) 
50.62° 50.07° 51.68° 50.79° 2.8 0.96 
Yaw (maxillary 
plane) 
6.12° 3.35° 4.12° 4.53° 2.11 0.31 
Yaw (mandibular 
plane) 
3.23° 4.47° 2.29° 3.33° 2.43 0.73 
Roll (maxillary 
plane) 
85.68° 85.48° 84.53° 85.23° 1.85 0.21 
Roll (mandibular 
plane) 
88.05° 87.20° 86.02° 87.09° 2.38 0.05 
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DISCUSSION 
Subjects:  
 Our sample consisted of CBCT images of 50 subjects with Class I, normodivergent 
skeletal pattern which were screened for the inclusion criteria from a pre-classified CBCT database 
within the BU Orthodontics CBCT repository.  When compared to the literature, Montufar studied 
24 random CBCT scans for his study on landmarking on 3D cephs (33).  Van Vlijmen also studied 
40 CBCT scans taken on dry human skulls (27).  Our inclusion/exclusion criteria were developed 
with the goal of providing data for the average person without any significant pathology or 
anomalies.  We used similar inclusion/exclusion criteria present in You’s paper  (11).   
Accuracy and Reliability of Landmarks: 
The points used were determined in another study to be reliable and reproducible.  Pham, 
in his master’s thesis, explains that the ICC values were ranged from moderate to excellent for the 
points we used (Pham et al 2018).  The planes were determined in our study based on some of the 
areas we thought would be analyzed using 3D cephalometry, such as maxilla/mandible jaw 
discrepancy to each other as well as their relationships to the cranial base, among others.  Wong 
used similar planes that we used in our study although he created his vertical plane as perpendicular 
to Frankfort horizontal passing through Nasion (23).  It was our assessment that in using only one 
landmark (nasion) there was a chance that the plane could be rotated or skewed as it was oriented 
perpendicular to horizontal.  Our study used left and right anterior clinoid processes so that we 
could minimize the possibility that the plane would be rotated.    We had to re-create the Frankfort 
Horizontal plane using both orbitale points and a porion identified in the CBCT skull, 
perpendicular through the two anterior clinoid processes.  Cevidanes explains the use of a similar 
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technique except instead of the plane traveling through the anterior clinoid processes, they used a 
vertical through porion points bilaterally (34).    
The lesser palatine foramen was the least reliable point within Pham et al’s study, and a 
dry skull was used to confirm quality assurance with respect to that structure.  In marking points 
on the dry skull, we were able to confirm our points in that they were identified on a dry skull 
beforehand, and then on the software, just as we noted from Pham et al.  However, the points 
marked on the dry skull were identified with higher accuracy (between 0.8 to 0.98) yet some of 
the measurements were not on the live human subjects. If this study could be repeated we would 
have chosen an easier landmark to identify, such as the hamulus or the inferior portion of the lateral 
pterygoid plate. 
 
Reliability of Measurements: 
Our measurements collected as means and standard deviations for our analysis, provide 
our data for a cephalometric analysis on a 3D CBCT scan.  Previous studies have only looked at 
volumetric studies or basic cephalometric measurements such as size or lengths and only in 
segmented skulls.  There currently is no database for 3D cephalometric analysis available today 
for practical use in the clinical setting (26).  It is our hope that our results have set the foundation 
for further analyses to be developed based on previous 2D works. The data provided in this study 
can be added to the current research present in 3D cephalometrics. In comparison with our results, 
Santos has developed cephalometric norms for Brazilian populations based on a McNamara 
analysis (16).  He states that CBCT cephalometric norms have been developed for Chinese (26 
and 23), Indian (1), Korean 37), and Turkish populations (38), but there are many populations 
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where they are lacking (16).  Devanna used conventional 2D Cephalometric landmarks to develop 
a 3D analysis for Korean populations (35).  It included measurements such as maxillary and 
mandibular width, maxillary and mandibular anterior and posterior angles, and various facial 
widths.   
 We have explored as to why the most reliable measurement was mandibular pitch.  This 
measurement used the vertical plane as a reference.  In looking at all of the most reliable 
measurements, 3 out of 5 involved the vertical plane.  We believe that this plane contained 
landmarks that were very reliably selected by the examiners according to Pham at al 2018.  The 
landmarks used were L/R anterior clinoid processes (R=0.96 and R=0.90), right porion (R=0.92) 
R/L orbitale (R=0.90 and R=0.93).  Furthermore, the mandible had very distinct landmarks very 
easily identifiable on a CBCT scan.  This reference plane should be used for various other 
cephalometric measurements.   
Our least reliable measurement was mandibular roll. This measurement involved the 
mandibular plane (which contained reliably identifiable points such as lingula and genial tubercles) 
against the midsagittal plane (Pham et al 2018).  All of the measurements involving the midsagittal 
plane yielded moderate or low reliability. We believe that a combined effect involving all 6 points 
used to create both planes her contributed to the low reliability.  Even though our result displayed 
a low level of reliability, the points used had R-values that were determined to be moderate to 
good.  In parallel, Periago stated the same conclusion even though her study involved linear 
measurements (17).  Also, crista galli presented as a convexity rather than a point projection in the 
skull, which could have affected the consistency.  According to Santos, their midsagittal plane was 
created using two skeletal planes and orthogonal to their horizontal plane (16).  
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Strenghts: 
Our study produced some strong results in the production of data to add to the current 
literature in 3D Cephalometric analysis.  The ability to confirm all of our points by plotting on a 
dry skull confirmed quality assurance.  The measurements generated for Mandibular and Maxillary 
A/P, maxillary/mandibular deviation, maxillary and mandibular pitch all exhibited a strong 
correlation.   Furthermore, having three examiners measuring at three different time points helped 
in adding variability and allowed the examination of reliability and accuracy. Also, our definition 
and use of the vertical plane agreed with current literature and may even be more reliable than 
some studies based on our data.  Finally, as we use the ANB measurement on a 2D ceph, we have 
proposed a new way on a 3 cephalometric radiograph to assess a patients jaw relationship to each 
other using the incisive canal landmark and midpoint genial tubercle landmark and their deviation 
from each other linearly.   
 
Weaknesses:  
There were some inherent weaknesses within our study.  The number of subjects selected 
was based on previous research, however, if we are aiming to form a database with norms based 
on skeletal classification and races, more subjects will be needed and will have to be separated by 
age and gender as well.  The subjects that were available to us were already classified within a pre-
determined database within the University.  50 subjects were the most that were available to us 
that fell into our inclusion criteria.  Within our repository, there were not enough analyzed and 
categorized samples to take from.  Also, we used a pre-doctoral dental student as an examiner.  If 
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given the ability to complete this study again, it would be efficient to use all orthodontic residents, 
orthodontic faculty, or graduated orthodontists.   
 
Future Goals: 
The data we produced is preliminary with the hope that further research will be done to 
provide an analysis that could be used by orthodontists in treatment planning and diagnosis as well 
as oral and maxillofacial surgeons in their surgical treatment planning.  
Future research needs to be done in creating more 3D Cephalometric norms with other 
races and populations.  Our study involves skeletal class I patients, so we do not have information 
available on the stratification amongst various sagittal discrepancies.  A higher sample size 
including images of Class II and Class III age, sex and race matched subjects needs to studied in 
the future.    
As the technology of CBCT changes, the associated costs and radiation exposure in using 
this instrument will likely decrease over time.  A database should be collectively established that 
includes all norms and reliable landmarks for the major races in the world. 
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CONCLUSION 
A new 3D Cephalometric analysis applicable to assessing patients in the clinical setting 
has been developed.  This analysis is complete with averages and standard deviations comparable 
to 2D Cephalometric analyses.  This is not the first 3D cephalometric analysis available within the 
literature, but of the few.  There is a need for further studies developing new analyses amongst 
various populations and races so that we may have a complete database of skeletal and dental 
norms on a 3D scan.  Also, further studies include using the analyses developed within class II and 
class III populations as well as within growing subjects.  Low to excellent reliability was yielded 
amongst operators for reliability of measurements, as well as within each operator. The value in 
incorporating 3D Cephalometric analyses into the clinical setting is that we have more access to 
the anatomy of the human skull and even more landmarks accessible that are not available on a 
2D scan.  This will be valuable not only to the practicing orthodontist, but also to oral surgeons in 
the planning of orthognathic surgery cases. 
  
 32 
 
BIBLIOGRAPHY 
1. Devanna, Raghu. “Two-Dimensional to Three-Dimensional: A New Three-Dimensional 
Cone-Beam Computed Tomography Cephalometric Analysis.” Journal of Orthodontic 
Research, vol. 3, no. 1, 2015, p. 30., doi:10.4103/2321-3825.146356..” 
2.  Hans, Mark G., et al. “History of Imaging in Orthodontics from Broadbent to Cone-Beam 
Computed Tomography.” American Journal of Orthodontics and Dentofacial 
Orthopedics, vol. 148, no. 6, 2015, pp. 914–921., doi:10.1016/j.ajodo.2015.09.007. 
3. Finlay, Laetitia M. (1980) Craniometry and Cephalometry: A History Prior to the Advent of 
Radiography. The Angle Orthodontist: October 1980, Vol. 50, No. 4, pp. 312-321. 
4.  Kollmann J, Ranke J, Virchow R (1883) Verständigung über ein gemeinsames 
craniometrisches Verfahren: Frankfurter Verständigung. Archiv für Anthropologie 15: 1–
8. 
5.    Amro Daboul - Christian Schwahn - Grit Schaffner - Silvia Soehnel - Stefanie Samietz - 
Ahmad Aljaghsi - Mohammad Habes - Katrin Hegenscheid - Ralf Puls - Thomas Klinke - 
Reiner Biffar - PLoS ONE - 2012 
6.  B. Holly Broadbent (1931) A new X-Ray Technique and its Application to Orthodontia. The 
Angle Orthodontist: April 1931, Vol. 1, No. 2, pp. 45-66. 
7.  Harrell, William E., et al. “Applications of CBCT in Orthodontics.” Maxillofacial Cone Beam 
Computed Tomography, 2017, pp. 645–714., doi:10.1007/978-3-319-62061-9_18. 
8.  Mehta, Pooja. “Photographic Assessment of Cephalometric Measurements in Skeletal Class II 
Cases: A Comparative Study.” Journal Of Clinical And Diagnostic Research, 2017, 
doi:10.7860/jcdr/2017/25042.10075. 
 33 
 
9.  William B. Downs (1949) Variations In Facial Relationship: Their Significance In Treatment 
and Prognosis. The Angle Orthodontist: July 1949, Vol. 19, No. 3, pp. 145-155. 
10. Pittayapat, P., et al. “Three-Dimensional Cephalometric Analysis in Orthodontics: a 
Systematic Review.” Orthodontics & Craniofacial Research, vol. 17, no. 2, 2013, pp. 
69–91., doi:10.1111/ocr.12034. 
11. You, Kug-Ho, et al. “Three-Dimensional Computed Tomography Analysis of Mandibular 
Morphology in Patients with Facial Asymmetry and Mandibular 
12.  Baumrind, Sheldon, and Robert C. Frantz. “The Reliability of Head Film 
Measurements.” American Journal of Orthodontics, vol. 60, no. 2, 1971, pp. 111–127., 
doi:10.1016/0002-9416(71)90028-5. 
13.  de Oliveira AEF, Cevidanes LHS, Phillips C, Motta A, Burke B, Tyndall D. Observer 
reliability of three-dimensional cephalometric landmark identification on cone-beam 
computerized tomography. Oral Surgery, Oral Med Oral Pathol Oral Radiol 
Endodontology. 2009;107(2):256-265. doi:10.1016/j.tripleo.2008.05.039. 
14.  Erten, Ova, and Burcu Nur Yilmaz.  “Three Dimensional Imaging in Orthodontics.” Turkish 
Journal of Orthodontics, vol. 31, no. 1, 11 Apr. 2018, pp. 56-64 
15. American Board of Orthodontics. Photographs and Radiographs.  Accessed July 5 2018. 
https://americanboardortho.com/orthodontic-professionals/about-board-
certification/downloads-and-references. 
16.  Santos, R.m.g., et al. “Cone Beam Computed Tomography-Based Cephalometric Norms for 
Brazilian Adults.” International Journal of Oral and Maxillofacial Surgery, vol. 47, no. 
1, 2018, pp. 64–71., doi:10.1016/j.ijom.2017.06.030. 
 34 
 
17.  Periago, Danielle. “Comparative Linear Accuracy and Reliability of Cone Beam CT Derived 
2-Dimensional and 3-Dimensional Images Constructed Using an Orthodontic Volumetric 
Rendering Program.” The Angle Orthodontist, col. 78, no. 3, 2008 
18.  Mozzo, P., et al. “A New Volumetric CT Machine for Dental Imaging Based on the Cone-
Beam Technique: Preliminary Results.” European Radiology, vol. 8, no. 9, 1998, pp. 
1558–1564., doi:10.1007/s003300050586. 
19.  Pauwels, R, et al. “Technical Aspects of Dental CBCT: State of the Art.” Dentomaxillofacial 
Radiology, vol. 44, no. 1, 2015, p. 20140224., doi:10.1259/dmfr.20140224. 
20.  Swennen GRJ, Schutyser F. Three-dimensional cephalometry: Spiral multi-slice vs cone-
beam computed tomography. American Journal of Orthodontics and Dentofacial 
Orthopedics 2006;130(3):410-416. doi:10.1016/j.ajodo.2005.11.035. 
21.  Zhang, Yongbin, et al. “Reducing Metal Artifacts in Cone-Beam CT Images by 
Preprocessing Projection Data.” International Journal of Radiation 
Oncology*Biology*Physics, vol. 67, no. 3, 2007, pp. 924–932., 
doi:10.1016/j.ijrobp.2006.09.045. 
22.  Berco, Mauricio, et al. “Accuracy and Reliability of Linear Cephalometric Measurements 
from Cone-Beam Computed Tomography Scans of a Dry Human Skull.” American 
Journal of Orthodontics and Dentofacial Orthopedics, vol. 136, no. 1, 2009, 
doi:10.1016/j.ajodo.2008.08.021. 
23.  Wong, R.w.k., et al. “3D CBCT McNamara's Cephalometric Analysis in an Adult Southern 
Chinese Population.” International Journal of Oral and Maxillofacial Surgery, vol. 40, 
no. 9, 2011, pp. 920–925., doi:10.1016/j.ijom.2011.03.011. 
 35 
 
24.  Pittayapat, Pisha, et al. “Reproducibility of the Sella Turcica Landmark in Three Dimensions 
Using a Sella Turcica-Specific Reference System.” Imaging Science in Dentistry, vol. 45, 
no. 1, 2015, p. 15., doi:10.5624/isd.2015.45.1.15. 
25.  Schlicher, W., et al. “Consistency and Precision of Landmark Identification in Three-
Dimensional Cone Beam Computed Tomography Scans.” The European Journal of 
Orthodontics, vol. 34, no. 3, 2011, pp. 263–275., doi:10.1093/ejo/cjq144. 
26.  Cheung, Lim Kwong, et al. “Three-Dimensional Cephalometric Norms of Chinese Adults in 
Hong Kong with Balanced Facial Profile.”  Oral Surgery, Oral Medicine, Oral 
Pathology, Oral Radiology, and Endodontology, vol. 112, no. 2, 2011 
27.  van Vlijmen OJC, Bergé SJ, Swennen GRJ, Bronkhorst EM, Katsaros C, Kuijpers-Jagtman 
AM. Comparison of Cephalometric Radiographs Obtained From Cone-Beam Computed 
Tomography Scans and Conventional Radiographs. Journal of Oral and Maxillofacial 
Surgery. 2009;67(1):92-97. doi:10.1016/j.joms.2008.04.025. 
28.  Lonic, Daniel, et al. “Selection of a Horizontal Reference Plane in 3D Evaluation: 
Identifying Facial Asymmetry and Occlusal Cant in Orthognathic Surgery 
Planning.” Scientific Reports, vol. 7, no. 1, 2017, doi:10.1038/s41598-017-02250-w. 
29.  Cho, Haeon J. “A Three-Dimensional Cephalometric Analysis.” Journal of Clinical 
Orthodontics, vol. 43, no. 4, Apr. 2009, pp. 235–252. 
30.  Aksoy, Secil, et al. “Comparison of Linear and Angular Measurements in CBCT Scans 
Using 2D and 3D Rendering Software.” Biotechnology & Biotechnological Equipment, 
vol. 30, no. 4, 2016, pp. 777–784., doi:10.1080/13102818.2016.1174077. 
 36 
 
31.  Farronato, Giampietro, et al. “A Ten-Point 3D Cephalometric Analysis Using Low-Dosage 
Cone Beam Computed Tomography.” Progress in Orthodontics, vol. 11, no. 1, 2010, pp. 
2–12 
32.  Almagrami, Bs, et al. “Three Dimensional Reliability Analyses of Currently Used Methods 
for Assessment of Sagittal Jaw Discrepancy, Journal of Clinical and Experimental 
Dentistry, 2018 
33.  Montafar, Jesus, et al. “Automatic 3-Dimensional Cephalometric Landmarking Based on 
Active Shape Models in Related Projections.” American Journal of Orthodontics and 
Dentofacial Orthopedics, vol. 153, no. 3, 2018, pp. 449–458., 
doi:10.1016/j.ajodo.2017.06.028. 
34.  Cevidanes, Lucia, et al. “Head Orientation in CBCT-Generated Cephalograms.” The Angle 
Orthodontist, vol. 79, no. 5, 2009, pp. 971–977., doi:10.2319/090208-460.1. 
35.  Devanna, Raghu. “Two-Dimensional to Three-Dimensional: A New Three-Dimensional 
Cone-Beam Computed Tomography Cephalometric Analysis.” Journal of Orthodontic 
Research, vol. 3, no. 1, 2015, p. 30., doi:10.4103/2321-3825.146356..” 
36.  Damstra, Janalt, et al. “A Three-Dimensional Comparison of a Morphometric and 
Conventional Cephalometric Midsagittal Planes for Craniofacial Asymmetry.” Clinical 
Oral Investigations, vol. 16, no. 1, 2011, pp. 285–294., doi:10.1007/s00784-011-0512-4. 
37.  Bayome, M., et al. “New Three Dimensional Cephalometric analyses among adults with a 
skeletal class 1 pattern and normal occlusion.  Korean Journal of Orthodontics. 2013; 43: 
62-73 
 37 
 
38.  Vahdettin, L et al. “Three-Dimensional cephalometric norms of Turkish Cypriots using 
CBCT images reconstructed from a volumetric rendering program in vivo.”  Turkish 
Journal of Medical Science. 2016; 46: 841-861. 
39.  Feng X, et al. “Comparative analysis of upper airway volume with lateral cephalograms and 
cone-beam computed tomography.  Am J Ortho Dentofacial Orthop 2015; 147: 197-204. 
40.  Garib DG, Yatabe. “Alveolar bone morphology in patients with bilateral complete cleft lip 
and palate in the mixed dentition: cone beam computed tomography evaluation.  Cleft 
Palate Craniofacial Journal 2012; 49: 208-14. 
41.  IIguy D et al. “Atricular eminence inclination, height, and condyle morphology on cone 
beam computed tomography.  ScientificWorldJournal 2014; 761714. 
 
  
 38 
 
CURRICULUM VITAE 
 
 39 
 
 40 
 
 41 
 
 42 
 
 43 
 
 44 
 
 45 
 
